2
Introduction
Epithelial ovarian cancer (OC) affects 23,000 women resulting in approximately 15, 500 deaths in the United Sates per year (1) . Due to the lack of symptoms of early stage disease, approximately 75% of ovarian cancer patients present with disease involving the upper abdomen (FIGO stage III/IV) and only 30% of these patients survive five years beyond their diagnosis (2) . In contrast, when ovarian cancer is diagnosed in the early stage the prognosis is excellent with 5-year survival exceeding 90%. Hence identification of early detection biomarkersspecific for ovarian cancer could have a significant impact on mortality from ovarian cancer.
CA125 is the most widely studied serum biomarker for ovarian cancer. While screening studies with CA125 tests, interpreted with a single threshold or serially, followed by ultrasound scans for women with a positive test have shown excellent specificity, the utility of CA125 as a biomarker for the early detection of ovarian cancer remains unproven largely due to its unknownsensitivity for early stage disease in asymptomatic subjects. CA125 is not elevated in almost 50% of clinically detected stage Iovarian cancers (3) and is not expressed in approximately 20% of ovarian cancer (3) . Specificity in the largest target population, postmenopausal women, is very high even though CA125 can also be elevated in common benign conditions including uterine fibroids, benign ovarian tumors, pelvic endometriosis, follicular cysts, and cystadenoma,as these conditions are far more common in premenopausal women. And while CA125 is also elevatedin women with other cancers such as pancreatic, and breast and lung metastatic to the peritoneum, the incidence of these malignancies is similar to ovarian cancer (4) .
HE4 is another biomarker that is increased in the serum of women with ovarian cancer (5) . It has less sensitivity than CA125 although its specificity may be greater since HE4 appears to be less influenced by benign conditions. Little information on HE4's performance in prospective screening trials exists since only a single small screening trial has reported. (6) . To date, the evidence points tono single cancerbiomarker being sufficientlysensitive for early stage disease in asymptomatic women to meet the stringentcriteria necessary as a first line test for the early detection of ovarian cancer.
Additional serum biomarkers to detect ovarian cancer not expressing CA125 or to detect Author Manuscript Published OnlineFirst on May 5, 2015; DOI: 10.1158/1078-0432.CCR- it earlier than CA125, are needed to identify a screening test that detects the full spectrum and earliest stages of the disease.
Transcriptomics has been widely used to identify differentially expressed genes and molecular signatures in many biological processes (7) (8) (9) (10) (11) (12) (13) . Transcription profiling studies have also been used to predict patients' survival in ovarian cancer (14) . In addition, gene expression changes and other genomic alterations can be correlated on a global level.
Hence,transcriptomicscan be extended to identify different types of biomarkers in many human cancers.However, sets of differentially expressed genes provide no intrinsic information about which are most likely to be reflected in the circulation. The identification of blood-based biomarkers would be greatly facilitated by a generic platform that identifies genesencoding proteins potentially found in the blood.
The "Secretome" and associated virtual array established in this study provides a platform for the identification of blood-based biomarkers for high-grade, advanced stage serous ovarian tumors. The gene reference set andarray are whole genome based,the latter using a commercially available expression platform that can be applied to any cancer for which there is adequate transcriptome data. As a proof of principle, we used expression profiling data generated from high-grade, advanced stage serous ovarian cancer patient samples, normal ovarian surface epithelium and normal fallopian tube epithelium. To prioritize candidates we introduced a pathway-based biomarker identification approach since relevant secretome proteins might be interconnected with intracellular signaling pathways. These blood-based proteins were further filtered based upon their expression in normal organs and tissues. Our approach identifiedboth established high-grade serous ovarian cancer biomarkers (including CA125 and HE4) and novel candidates. Two new markers(FGF18 and GPR172A)were validated at the mRNA levels using independent sets of microarrays and on the protein level in an independent cohort of serum samples.
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Materials and Methods

Generation of Secretome Array
The secretome was generated from eight databases including Secreted Protein Database Table 1for 
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. By this method, all identifiers were mapped to zero, one, or more Affymetrix probeset identifiers in one step. For each unique probeset identifier, a record was kept of which databases identified it, and of the original gene or protein identifiers mapped to it.
All computations were performed in the R statistical environment v. 2.12.1 (R development Core Team, 2010).
MicroarrayData Normalization and Class Comparison
We used two independently generated gene expression datasets. Dataset A consisted of 10 microdissected ovarian cancer samples and 10 microdissected normal fallopian tube samples (15) . Dataset B consisted of 53 microdissected ovarian tumor samples and 10 normal ovarian surface epithelium samples. All the samples were profiled using Affymetrix Human Genome U133 Plus 2.0 arrays. The CEL files were backgroundcorrected, normalized and summarized using RMA (Bioconductor package affy) for the two data sets separately. Summarized expression data were filtered to contain probesets that are in the secretome. Differential gene expression analysis between cancer and normal samples was carried out using LIMMA (Bioconductor package limma).
Pathway based approach for Biomarker Discovery
PathwayStudio (Elsevier) software was used to identify biomarkers related to biological pathways. This software uses aprotein interaction database derived from the entire Medline abstract database. This type of analysis explores the global and systemic properties of the underlying molecular networks of the biomarker list generated for ovarian cancer and enables interpretation of the biological significance of the gene list.
This annotation can be used to prioritize candidate biomarkers for validation. The biomarker lists were imported to Pathway Studio and initially the algorithm "Find direct interactions" was used. This algorithm assembled a network of the molecules directly interacting in the imported gene list and allowed no additional objects to be added to the network. Subsequently, all the "direct interactions group" probesets were extracted and analyzed using Fisher's exact test to identify the statistically enriched pathway associated biomarkers.
Cancer Selective Expression Approach to Prioritize the Candidate Biomarkers
In order to identify markers that were uniquely expressed in ovarian tumors as opposed to genes that are ubiquitously expressed in many normal tissues or organs we used The Gene Expression Barcode resource (16) . This database provides absolute measures of expression for the most annotated genes in essentially all normaltissue types and organs.
This resource leverages information from the GEO and ArrayExpress public repositories to build statistical models that convert data from a single microarray into expressed/unexpressed calls for each gene.The output of the algorithm is expressed as an average of 1's (expressed) or 0's (unexpressed) across tissues and is in the range of zero to one.
Validation of FGF18and GPR172A
An independent gene expression dataset (GEO Accession number: GSE26712) was used for bioinformatic validation.The dataset GSE26712 consists of 185 primary ovarian 
Results
Generation of Secretome array
Genomic technologies provide a unique opportunity to globally identify potential candidate genes whose proteins could serve as plasma or serum markers of cancers.
Numerous studies and databases report known and/or predicted secreted proteins, using complementary methodologies, which can aid such efforts. However, each resource is likely to be both incomplete and to contain incorrect predictions; additionally they are provided in inconsistent formats and use a variety of protein and gene identifiers. Thus, we collected and synthesized several databases from published papers providing lists of secreted proteins, transmembrane or membrane proteins, signal peptides, G-protein coupled receptor, or proteins existing in the extracellular region.
Our bioinformatics approach had three major phases as shown in Figure 1 . Phase 1 consisted of collecting the protein and gene information from different data sources (Table 1 ). All the databases and published papers were available in the public domain and we searched only for human-specific proteins. Briefly, Secreted Protein Database (SPD) has a collection of secreted proteins from Human, Mouse and Rat proteomes, which also includes sequences from SwissProt, Trembl, Ensembl and Refseq. We extracted 5715 UNIPROT ID entities from this database.Clark et al reported a database, Secreted Protein Discovery Initiative (SPDI) (19) , for secreted and transmembrane proteins which contained 1047 transcripts representing 1021 genes.
Diehn et al.generated a database on membrane-secreted proteins, and expression of membrane-secreted genes in human malignancies and normal tissues (20) . We used this data source to extractinformation for membrane/secreted proteins associated with human malignancies and normal tissues (1552), tumor markers (842) and organ specific injury molecules (285). "UniProt" was used to extract 2645 UniprotID entities using the search terms "secreted" and organism: "Homo sapiens". "advanced search" section of the website we extracted all proteins for the organism "Homo sapiens"which identified 500 UniprotID entities. We also used signal peptide database (Zhang), which contains signal sequences for different species such as archae, prokaryotes, and eukaryotes. The search criteria used were Sequence type as "Signal peptide (DNA)" and narrowed down to the organism "Homo sapiens" which resulted in the identification of 3243 uniprotID entities.
G-protein-coupled receptors (GPCRs) constitute a large and diverse family of proteins whose primary function is to transduce extracellular stimuli into intracellular. GPRCDBis a comprehensive database that stores large amounts of heterogeneous data on G proteincoupled receptors (GPCRs). We downloaded all annotated protein structures and Class A Rhodopsin like families from the GPCRDB, respectively providing 212 PDB and 1333
UniprotID entities. The gene ontology (Homo sapiens Revision 1.9) provided 10,868
Uniprot Accession IDs associated with the GO terms for membrane and its related terms, and 2425 Uniprot Accession IDs associated with Extracellular Region and its relatedterms (see Supplementary Methods for details). This phase integrated data from diverse sources to create a comprehensive set of identifiers corresponding to potentially secreted human proteins, supported by varying numbers of sources.
Mapping of the Secretomeonto Affymetrix Array
In Phase 2, we mapped the identifiers provided by the secretome generation database sources to Affymetrix probeset IDs. We checked each set of original identifiers against two competing resources for identifier mapping: BioMART-ENSEMBLE GENES 63 and DAVID v6.7, and used whichever allowed mapping toa greater number of the identifiers (Table 1) . In Phase 3, we assembled the probesets and removed all redundant ones to generate the unique secretome virtual array. This identified 16,521 unique Affymetrix U133 plus 2 probe sets. For each probeset identifier, a record was kept of which databases identified it, and which original gene or protein identifiers were mapped to it,providing provenance and a means to assess confidence in each probeset by the number of databases identifying it. Supplementary Table 1 
identified by all 8 databases, 43 by 7 out of 8, and increasing numbers for each smaller number of source databases. The 6 probesets with the highest score of 8 correspondingto the genes SFRP2, SEMA3F and PGF. SFRP2gene encodes a member of the SFRP family that contains a cysteine-rich domain homologous to the putativeWnt-binding site of Frizzled proteins. SFRPs act as soluble modulators of Wnt signaling and it is a secreted protein (21) . SEMA3F (semaphorins) are a family of proteins that are involved in signaling (22) . PGF (placental growth factor) gene encodes a growth factor found in placenta which is homologous to vascular endothelial growth factor and it is a secreted protein (23) . All these genes are known secreted proteins.
Identification of potential secreted biomarkers forovarian cancer using the Secretome
We applied the secretomevirtual array to gene expression databases of ovarian cancer and normal controls to identify genes that are differentially expressed. Figure 2 demonstrates the schematic overview of our approach to identify detection biomarkers candidates for ovarian cancer. Based on the recent evidence on alternative sites of the origin for ovarian cancer, we generated two different gene lists for biomarkers based on the comparison between high-grade serous ovarian cancer gene expression data with,both normal fallopian tube and normal ovarian surface epithelium (24, 25) . All expression data were generated from microdissected tissue samples. A two-group comparison was conducted using LIMMA to generate a list of differentially expressed probesets between tumor and normal tissue. This list was filtered through the secretome array (16,521 probesets) which yielded 1033 probesets (fold change ≥1.5, T >3.0) that were up-regulated in the ovarian cancer in compared to normal fallopian tube epithelium (List Ain Figure 2 ; List 1 in Supplementary Table 4) . Independent analysis using a cohort of ovarian cancer expression data compared to normal ovarian surface epithelium identified 1167 upregulated probesets in cancer (List Bin Figure 2 ; List 2 in Supplementary Table 4) .
Bioinformatic validation of the secretome array
To validate the secretome array, we searched our differentially expressed gene list for previously characterized ovarian cancer biomarkers. Review of the literature revealed 6
biomarkers which have been described as potential blood based biomarkers for ovarian cancer. These include CA125(3), HE4(26), Prostasin (27) , Osteopontin(28), VEGF (29) and IGFBP2 (30) . All of these proteins were found to be statistically significantly overexpressed in cancer compared to normal epithelium in our list ( Table 2) .
Filtering of gene lists based upon pathway association
To filter our gene list further, we utilized pathway identification. Our goal for this analysis was to use the secretome data to gain functional insights pertaining to the roles of these proteins in biological processes and use that information to better prioritize the whichstill have the potential to serve as ovarian cancer biomarkers. These molecules will be filtered out in the above analysis. Hence we generated a second gene list using probesets not associated with pathways. There were 691 and 661 probesets filtered out from List 1 and 2, respectively. We searched for common probesets present in these filtered out probesets and identified 151 unique probeset biomarker list (List 4) (Supplementary Table5).
A cancerselective expression approach to prioritize candidate biomarkers
In order to identify biomarkers most likely to be uniquely elevated in the blood of ovarian We hypothesized that a blood based biomarker should be expressed at relatively low levels in normal tissues to improve the background to tumor ratio. Hence, we ranked the biomarker lists based on their low expression gene expression bar code in normal tissues and organs. We found that FGF18 had four probesets with high expression in cancer and low expression in normal tissues and organs (lowaverage gene expression bar code) from List 3. GPR172A is the gene that had two probesets with high expression in cancer and lowexpression in normal tissues. We selected both these molecules for validation.
Independent validation of candidate biomarkers for ovarian cancer
To validate our top biomarker candidates (FGF18 and GPR172A), we looked at the mRNA expression level of these molecules in ovarian cancer specimensusing a publically available independent gene expression database (GSE26712). Both molecules were found to be overexpressed in serous ovarian tumor samples (n=185) in comparison to their expression in normal ovarian surface epithelium (n=10) in a statistically significant manner (P value <0.001) ( Figure 4A and B). Since these candidate biomarkers were identified using the secretome array, we expected to find them in the blood. We tested serum samples from women with advanced stage ovarian cancer by ELISA for blood levels of FGF18 and GPR172A and compared that to normal age matched controls. In the ovarian cancer group, levels of both molecules were found to be significantly increased in comparison with the control group. Serum FGF18 level increased 1.9 fold in the ovarian cancer group in compared to the control group (P <0.0001, Figure 4C ). There was a 2.9 fold increase in GPR172A serum level observed in ovarian cancer group in compared to the control group (P =0.0020, Figure 4D ). In addition, FGF18, GRP172A and the accumulation of both markers present decent sensitivity and specificity to indicate the origin of serum specimens (normal or ovarian cancer) in the cohort used for ELISA ( Figure 4E ). These results demonstrate the potential value of the secretome array in translating genomic data into the discovery of blood based biomarkers. Further, FGF18
and GPR172A appear to be novel biomarkers for ovarian cancer and warrant further evaluation.
Discussion
The secretome is a subset of the proteome consisting of proteins secreted by living cells through signal peptide, exosome or proteins shed from the surface of living cells. These proteins constitute an important class of molecules, encoded by approximately 10% of the human genome (31) .Proteins of the secretome have been demonstrated to play important roles in tumorigenesis and are therefore of increasing interest as a means to identify and characterize potential diagnostic and prognostic biomarkers,as well as therapeutic targets. Blood based biomarkers are particularly useful as they are easy to obtain and quantify. Thus, finding novel methods to more efficiently identify potential blood based markers is a critical need. High-throughput technologies based on genomic and transcriptomic data represent a huge yet still underexplored resource for biomarker discovery in cancer. A platform/algorithm that can utilize genomic data to more effectively identify blood based candidate biomarkers would be of great value to the biomarker development community and facilitate clinical translation of large-scale molecular profiling experiments.
By constructing a secretome through gene ontology, we aimed to provide apowerful tool for body-fluid (e.g. serum and ascites) based biomarker discovery in cancer. The secretome database described in this manuscript was generated by systematic review of all relevant publically available databases and publications (Table1).One of the challenges was to select the appropriate databases and ensure that all genes that encode proteins ultimately found in the blood were included. We opted to be inclusive even at the expense of having genes that encode proteins rarely found in the blood, anticipating that subsequentfilteringand prioritization could be performed after the differential expressed genes were determined. To this end, we employed several gene ontology groups interrogating all possible mechanisms for extracellular protein release. It is important to note that our secretome arrayconsequently includes several membrane, cytoplasmic, mitochondrial,and even nuclear proteins that do not have distinct extracellular release mechanisms according to prediction algorithms. These proteins have been de facto detected through LC-MS based proteomic studies and included into databases such as the Human Plasma PeptideAtlas (32) . This effort has Similar situation lies inaffinity reagent based proteomic methodologies which grant high sensitivity and accuracy to screen significant amount of specimens, but only for limited number of targets. Our database provides an opportunity to investigators to reduce the shotgun proteomics related complexity in biomarker discovery by focusing on proteins pre-screened through large-scale genomic studies. Different screening criteria can be employed alone or integrated, including differential gene expression and gene ontology analysis used in this study. This could include prognostic/survival impact and DNA copy number to select candidate proteins with biological significance and thus high potential for further evaluation using body fluid samples. Of importance, the universal application of the secretome should be noted as it can be used with arrays based data (as seen in this study) but also RNAseq and even whole genome sequencing.By minimizing the number of putative markers to a more manageable scale, low-throughput yet highly-sensitive approaches such as multiplex ELISA, antibody array, reverse-phase protein array (RPPA) or targeted mass spectrometry based assayscan be applied to larger numbers of biological samples as robust tools to identify novel biomarkers which have low abundance and areless likely to be detected by LC-MS based approaches.To facilitate this process, we have established a public web site where appropriate tools are available to allow the use of the secretomeby clinical researchers without a bioinformatics background.
As proof of principle, a comprehensive list of genes with altered expression in ovarian cancerwas applied to the "secretome array". This list was generated through comparing We acknowledge thatthe transcriptome-based discovery of secreted biomarkers may not be comprehensive. First, the success of this approach requires correlation between levels of transcript and of the corresponding protein something that has been demonstrated to hold for only a subset of genes. Thus, it is likely the secretome will include false positives (transcript increased but not protein) and miss other circulating proteins (transcript unchanged but protein increased). Second, the secretome and associated array cannotpredict the change of extracellular biomarker levels due to post-translational cleavage or altered cellular transportation activity (release rate).Third, our approach did not evaluate the contribution of tumor stroma to the ovarian tumor secretome. This problem can be solved by mapping our secretome database to a differentially expressed gene list generated by comparing microdissected ovarian tumor stroma and normal ovarian stroma. Finally, it is worth to note that our small-scale ELISA validation study has validatedthe elevated expression of FGF18 and GPR174A in sera from high-grade serous ovarian cancer patients, but is not sufficient to prove them as markers to predict ovarian cancer. For diagnostic ovarian cancer biomarker discovery and validation, it will be essential to employ more stringent, larger-scale studiesusing serum specimens from benign gynecological disease as controls.Nevertheless, the construction of the "secretome virtual array"provides valuable resources for screening any particular gene list for proteins that are more likely to be found in the circulation.Limited number of candidate biomarkers identified through the secretome array would be suitable for measurement in plasma/serum from cases and controls using sensitive, accurate and highly specified technologies such as ELISA, RPPA, and PRM or SRM-based targeted mass spectrometry.The power of secretome array is further amplified by its general applicability (to any gene expression database of any derivation), ease of application, and ability to provide multiple levels of filtering. This approach provides a means to translate the large publically available genomic databases into subsets of candidate markers likely to be found in the circulation, accelerating the vital work of identifying clinically relevant blood based biomarkers. 
